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Abstract
In the context of pre-tenement application studies, Monte Carlo simulations of steady state (initial) CO2 injectivity 
for the Precipice Sandstone in the Surat Basin have been used together with discrete dynamic models to assess
injection rate uncertainty. Such uncertainty analyses are used to guide exploration work programs. This paper 
considers an analysis of steady state injection rates based on a modified form of , using parameter 
probability probability density functions (PDF) for 4 different tenement areas. Uncertainty in absolute permeability
and upscaled permeability (as seen in an injection well) typically accounted for around 70% of variation in estimated
steady-state injectivity. Uncertainty in gross thickness and net-to-gross ratio accounted for most of the remaining
variation.
Due to changes in depositional setting and depth, the P50 initial injectivity estimates for the Precipice Sandstone
varies by an order of magnitude from 0.2 to 2.4 megatonne per anum (Mt/a) across the 4 areas. P10/P90 ratios were 
between 10 and 20 and are indicative of the relative immaturity of the technical assessment. Concepts including 
several wells will likely be required for industrial scale, multi-Mt/a developments. Dynamic well testing specifically 
to determine compartmentalisation and heterogeneity and the departure from steady state will be essential in 
designing and costing any field development plan. Therefore such data will be essential in any exploration or 
appraisal program.
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1. Introduction 
The ZeroGen integrated gasification combined cycle (IGCC) Project was an extensive project 
prefeasibility study which included the capture, transport, injection and secure storage of 2-3 Mt/a 
(million tonnes per year). As part of this, a decision was required on whether and where to invest in GHG 
(green-house gas) exploration tenement applications. To condition this decision, confidence levels in 
injectivity rates in available tenements were investigated. The areas of interest cover the central Surat and 
underlying Southern Bowen basins in SE Queensland, Australia. ZeroGen required a better than P50 level 
of confidence prior to investing in exploration programs that plays would ultimately support a storage 
development of 2 Mt/a for a unit development costs of less than A$50/t. 
The work presented here is extracted from a fuller case history of the ZeroGen Project [1] and 
highlights estimates of steady state injectivity. An additional analysis of injectivity based on dynamic 
models is also included in that reference and in [2]. Ultimately, the synthesis of these two analyses 
informed the decision on sustainable rates and costs. This is discussed briefly at the end to this paper. The 
target regional aquifers and play concepts are discussed in [1], [2] and [3]. This paper discusses the Lower 
Jurassic, Precipice Sandstone formation in the deeper areas of Mimosa syncline [4]. The play contains 
commercial hydrocarbon pools on structural highs around the edges of the main areas of interest. 
Indications of and uncertainties with respect to secure containment are discussed in [3]. Storage 
capacities, based on static volumetric methods and a critique of such methods are also included in [1]. 
Significant efforts were made to integrate all available data to produce illustrative regional-scale static 
models. From these, dynamic sector models were extracted to form models representative of different 
geological settings [1]. However, while the difference between the areas and the impacts of 
compartmentalization on injectivity were investigated [2], multiple reservoir scenario simulations were 
not constructed due to scarcity of data in the areas of interest and lack of time. Uncertainty in individual 
geological parameters was investigated in areas of greater data density and these distributions applied to 
areas of sparser data. The wider ZeroGen work-flow is illustrated in Figure 1. 
Figure 1: ZeroGen pre-tenement workflow to investigate a-priori confidence levels in injection rates (and 
costs) in support of tenement application decisions (PDF is probability density function, I(t) injection rate 
at time t and Io initial injection rate). 
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2. Methodology for probabilistic assessment of injectivity  
The methodology uses an analytical expression of injectivity as a function of parameters such as 
permeability, net to gross (NTG) and others. In the static model properties were distributed 
geostatistically such that the resultant static realization was consistent with known regional geological 
understanding and trends. Effective porosity and permeability were derived from logs. The net-to-gross 
ratio (NTG) was based on the volume of clay from log interpretation for each facies and formation. 
Porosity and permeability depth trends from log and core data in the sandy facies were examined, used in 
dynamic modeling [2]. Drill stem test (data were examined but large uncertainties (mostly in skin factor) 
made it impossible to create core-log-test calibrations. Dynamic sector models, representative of different 
geological settings (depth and degree of channelization) were constructed from key areas of the regional 
static model. Parameter probability density functions (PDF) for this steady state Monte Carlo analysis 
were constructed for each tenement from the upscaled dynamic models and the static model. PDF types 
were chosen from available distributions on the basis of a visual best fit  (max, min, mean and degree of 
skew). 
The analytical assessment of storage injectivity uses the following modification of 
approximation for pseudo-steady state compressible fluid flow in a porous medium: 
 
 
                       
  (1) 
 
 
The analysis assumes that stabilized boundary-dominated (pseudo steady-state) reservoir behavior 
dominates the reservoir response throughout the injection period. The initial reservoir transient response 
is neglected as it occurs over a relatively short time span. Injectivity is calculated relative to the entire, 
and relatively large, reservoir thickness (hgross), and therefore the permeability range (kabsolute) is the range 
of upscaled permeability rather than the range of point measurement from cores.  
3. Probabilistic density functions  
3.1. Absolute Permeability 
The PDF for absolute permeability is constructed based on the distribution of 20 upscaled values from 
randomly placed wells in the static and sector models [2]. A continuous probability density function was 
fitted to this range. If required, functions were truncated at zero (Table 1). 
Table 1. Range of Values for Absolute Upscaled Permeability for each tenement. 
Tenement ref [2]  QLR2010-1-8 QLR2010-1-9 QLR2010-1-12 QLR2010-1-13 
Formation  Precipice Precipice Precipice 
Mean mD 72 183 39 
Median mD 47 137 33 
Minimum mD 0 10 0 
Maximum mD 500 >1000 350 
PDF Type - Lognormal Lognormal Beta 
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3.2. Initial pore pressure gradient 
Initial pore pressure is necessary to estimate maximum possible injection pressure and to calculate 
carbon dioxide (CO2) and water properties as a function of pressure. A normal probability density 
function was select for the initial pore pressure gradient. The mean value 0.1 bar/m was set according to 
the observation that the reservoirs in the area are generally close to hydrostatic equilibrium. However, 
formation water is relatively fresh, with potable aquifers in the upper few hundred meters and salinities 
around 5-8000ppm in the formation of interest. Furthermore, the Precipice Formation is reported to be 
relatively under pressured compared to overlying formations in some areas [5], [6]. Therefore, a standard 
deviation was set at 10% of the mean value and the PDF was truncated at a minimum value of 0.09 bar/m 
(relatively under pressured) and at a maximum value of 0.11 bar/m.  
3.3. Gross thickness 
The PDF for gross thickness is constructed based on the reservoir thickness distribution for the 
Precipice Formation within the area deemed suitable for injection. A continuous probability density 
function was fitted to the thickness data derived from the spatial distribution of gross thickness within the 
suitable injection area in the geocellular model [2]. The function is truncated at the minimum and 
maximum observed values, respectively (Table 2).  
Table. 2. Range of Values for Gross Thickness for each tenement. 
Tenement ref [2]  QLR2010-1-8 QLR2010-1-9 QLR2010-1-12 QLR2010-1-13 
Formation  Precipice Precipice Precipice 
Mean m 64 86 68 39 
Median m 59 82 69 38 
Minimum m 5 55 0 0 
Maximum m 170 150 130 80 
PDF Type - Beta Weibull Weibull  
3.4. Net to gross ratio 
The PDF for net-to-gross thickness ratio was constructed for each tenement based on the distribution 
of its upscaled values of 20 wells randomly placed 20 in the model. A continuous density function was 
fitted to the range of upscaled values observed (Table 3). The function was truncated at a minimum value 
of 0 and at a maximum value of 1. 
Table 3. Range of Values for Net to Gross Thickness Ratio for each tenement. 
Tenement ref [2]  QLR2010-1-8 QLR2010-1-9 QLR2010-1-12 QLR2010-1-13 
Formation  Precipice Precipice Precipice 
Mean - 0.49 0.51 0.50 
Median - 0.49 0.53 0.51 
Minimum - 0 0.10 0.11 
Maximum - 0.9 1.0 1 
PDF Type - Normal Beta Minimum Extreme 
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3.5. Relative permeability 
A uniform probability density function was utilized for CO2 relative permeability. During CO2 
injection into deep aquifers, the presence of multiple fluid phases (water and CO2) in the reservoir causes 
a reduction of the permeability available to CO2. As CO2 injection progresses, water saturation decreases, 
resulting in an increase in CO2 relative permeability. 
The sparse measured data from the technical literature indicate CO2 relative permeability values that 
range from 0 to 0.55 as water saturation decreases from 1 to as low as 0.2 (Bennion and Bachu, 2005, 
2006). Given that the assessment is focused on stabilized injection rate during initial injection period (at 
the low end of CO2 relative permeability curve), the minimum and maximum values were set at 0.1 and 
0.2, respectively. Considering the relatively large variation in the measured data, the choice of the 
uniform distribution function reflects equal likelihood of having the CO2 relative permeability value 
somewhere within this range. 
3.6. Fracture gradient 
Injection rates are generally limited to be less that the fracture pressure at a given depth. Here it is 
assumed that maximum injection pressures may attain up to 90% of the fracture pressure at the depth of 
interest. The variation in fracture gradient is described with a normal probability density function. The 
mean value was set according to the value typically observed in Surat/Bowen basin areas. The standard 
deviation was set at 10% of the mean value. The PDF was truncated at a minimum value of 0.9 psi/ft and 
at a maximum value of 1.1 psi/ft to ensure a realistic range consistent with regional stresses (Table 4). 
Table 4. Range of Values for Fracture Gradient. 
Parameter Unit of 
measurement 
Mean 
value 
Standard 
deviation 
Minimum 
value 
Maximum 
value 
Fracture gradient psi/ft 1.0 0.1 0.9 1.1 
3.7. Wellbore Skin 
Wellbore skin impacts injection rate. A normal PDF was assumed for wellbore skin. In contrast to 
other parameters, this PDF was not driven by data. The mean value is based on an assumption about the 
use of carefully selected drilling fluids, aimed at minimizing formation damage based on work not here 
presented. A small standard deviation (10% of mean value) was assumed to provide a spread of 
uncertainty (Table 5).  
Table 5. Range of Values for Wellbore Skin. 
Parameter Unit of 
measurement 
Mean 
value 
Standard 
deviation 
Minimum 
value 
Maximum 
value 
Skin Dimensionless 4 0.4 - - 
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4. Results 
The results of the Monte Carlo simulation are displayed with the cumulative probability plot in Figure 
2a and listed in Table 6. In three of the tenements there is a 90% probability of a steady state injection 
rate of 100,000 t/a or better, and an expectation rate of at least 500,000 t/a. Tenement QLR2010-1-9, with 
the best reservoir properties, has significantly higher estimated rates. Pressure build-up and injection rate 
decline are not considered in this analysis, neither are well engineering improvements such as horizontal 
wells. Nevertheless, these results did give ZeroGen additional confidence that, albeit with several 
injection wells, target rates of 2 Mt/a could reasonably be expected within cost targets [1]. 
A Tornado plot ranking the impact of the variance of each parameter on the estimated injectivity range 
is shown in Figure 2b, for tenement QLR2010-1-9. Seventy six percent of the uncertainty in the 
injectivity estimate is due to uncertainty in upscaled permeability. This indicates that new permeability 
data acquisition and test calibration will be a critical element if future appraisal plans are to reduce 
uncertainties in performance and cost. Dynamic model studies [2] also indicated the need for such well 
tests to be extended. 
Parameters relating to reservoir deposition (NTG and thickness) have the second most significant 
impact on injection uncertainty. A higher density of 2D seismic data may address this in part, however 3D 
seismic may be required for other reasons (fault avoidance [3]) and this would also provide greater input 
into reservoir distribution. In addition, some questions have been raised about existing correlations of the 
Precipice Sandstone and its relationship with overlying Evergreen Formation and Boxvale Members [8]. 
A fundamental review of geological correlations is required to increase confidence in the proper 
assignment of reservoir parameters and improved property predictions. To aid this review, with costs 
justified by this uncertainty analysis, full cores are planned through the Precipice and Evergreen 
formation 
 
  
Figure 2. (a) Cumulative probability plots for tenement QLR2010-1-9  steady state injection rate assessment. From left to right are 
indicated in t/day: mode (2930), median (6590) and mean (9670); (b) Sensitivity plot of impact of uncertainties in individual 
parameters for Area 1 simulation results (Reference Case): uncertainties absolute permeability (76%), net-to-gross (10%) and gross 
thickness (8%) are parameters influencing the most the spread of injectivity. 
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Table 6. Summary of storage injectivity assessment results for each tenement (Mt/a). 
Tenement ref  [2] QLR2010-1-8 QLR2010-1-9 QLR2010-1-12 QLR2010-1-13 
Formation  Precipice  Precipice  Precipice  
P10 Mt/a 2.0 7.4 1.1 0.6 
 P50 Mt/a 0.5 2.4 0.4 0.2 
P90 Mt/a 0.1 0.8 0.1 0.04 
P10/P90  20 9 11 15 
 
5. Discussion 
This section is intended briefly to put this uncertainty analysis in context. With reference to Figure 1, 
the results from this study along with sector models [2] inform possible ranges of initial well injection 
rates (excluding very short term relative permeability effects). This can be used to examine confidence 
levels that (i) the required industrial scale injection rates can be attained and (ii) that they can be attained 
within allowable costs [1]. If the synthesis of studies indicated that a reasonable expectation, then a 
decision to invest in tenement exploration, targeted at the main uncertainties, would be justified. 
To synthesise the analyses, a generalised equation describing injection rates over time, I(t), was 
considered in the form:- 
 
I(t) = Io x f(t);  where, Io is the initial injection rate; and f(t) is some decline function governed by 
reservoir permeability, heterogeneity and/or compartmentalisation. 
 
The analysis presented herein resulted in the production of an area (or tenement) specific probability 
density function for a pseudo-initial injection rate, Io. The dynamic models described in [2], produced 
estimates of injection decline rates for various reservoir quality and degrees of compartmentalisation. 
Based on these analyses it was possible to simulate a range of possible well outcomes varying in both 
steady state rate and in decline rate. This was then used to inform confidence levels in well count [1], [7] 
and ultimately costs. 
The P10-P90 range of wells required to support a 2 Mt/a for 30 years was estimated to be 3 to 24 and 
the equivalent development unit costs ranges were estimated to be well under $50/t (a ZeroGen screening 
value, [1]). 
 
6. Conclusions 
There is sufficient confidence that a storage development in Precipice Sandstone could attain and 
sustain required exploration rates within acceptable costs to invest in an exploration program. However, 
significant additional exploration data would be required. 
Probabilistic analysis of steady state injection rates can be used to investigate confidence levels in 
attaining required injection rates. To maximize confidence such analysis should be synthesized with 
deterministic investigations into possible injection decline rates. 
The estimates of injectivity are not adequate to inform engineering of field development plans, rather 
they are useful to identify and quantify the main, economically (well count) important parameters. This is 
an essential step to optimizing the value of information from an exploration and appraisal program. 
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This investigation into steady-state injection rates shows that is essential to determine the effective 
(upscaled) absolute permeability from any well. This suggests that dynamic well testing would best 
address this uncertainty and not core or log analysis alone. Furthermore, exploration and appraisal must 
address reservoir distribution, heterogeneity and compartmentalization. A combination of extended well 
testing, fundamental geological review of sequences and improved seismic data will be essential. 
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Appendix A Nomenclature. 
2CO
q   CO2 injection rate (103 scf/d) 
absolutek  Absolute reservoir permeability (mD) 
2rCO
k   CO2 relative permeability (dimensionless) 
 Gross thickness (m) 
NTG   Net to gross thickness ratio (dimensionless) 
injp   Bottomhole injection pressure (psi) 
resp   Reservoir pore pressure (psi) 
2CO
  Average CO2 viscosity (cP) 
2CO
B   Average CO2 formation volume factor (ft3/103scf) 
er   Reservoir drainage radius (ft) 
wr   Wellbore radius (ft) 
S   Well skin (dimensionless) 
  CO2 mass (kg) 
 Gross thickness (m) 
NTG   Net to gross thickness ratio (dimensionless)  
 In-situ CO2 density 
2CO
m
grossh
grossh
2CO
